
Laboratory-Plasma	Spectropolarimetry	
for	

Astrophysics	
	

is	an	experimental	support	to	
High	Energy	Astrophysics	

by	providing	laboratory	atomic	parameters	
for	plasma	diagnos>cs	

Leone	Francesco	
Plasma@Lab4Space	+	NERTIMP	



Deneb	

reasonably	known	for	
neutrals	or	low	ionisa>on	states	
up	to	iron-peak	elements	
in	the	200-1000	nm	range		

missing	for	
highly-ionised-species	

poorely	known	for	
high-Z	elements	
at	any	wavelengths	

From	NIST	
Number	of	experimentally	observed	lines	
vs	the	Atomic	Number	
vs	the	Ionisa>on	state	
in	the	range	
					100	-	200	nm	
					500	-	600	nm	
1100	-	1200	nm	

	
	
	
	
Laboratory	Spectroscopy	
provides	the	
atomic	database	to	exploit	
the	astronomical	spectra		

Explanatory	Statment	

Experimental	transi>ons	are	



 
 
 
 
 
 
 
 
 
	

High Energy Astrophysics 
requires experimental atomic-data for 
- high-Z atoms 
- highly-ionised species 
- from Vacuum-UV to NIR	

Current atomic database is satisfactory for 
a low-temperature plasma of light-atoms  
(e.g. stellar atmospheres, up to iron-peak) 
if observed in the UV and Visible range	



INAF	is	involved	in	Solar	Orbiter	(1.5	G€)	
SPectral	Imaging	of	the	Coronal	Environment	

NIST	
O	III-VI	
476	Ritz	wavelengths	
		30	observed	lines	
		
Fe	III-XXV	
2099	Ritz	wavelengths	
					78	observed	lines	



The	unknown	UV	lines	will	affect	
ANDES	(R	=	100,000;	0.35-2.4µm)	Spectroscopy	
of	high-z	objects	

INAF	is	involved	in	ELT	(1.5	G€)	

GMOS@Gemini-South	
R	=	870	

GRB111008A		at		z	=	5	

ANDES	
R	=	25000	
Texp	=	3	h	
S/N	=	40	

?! ?!?!



And,	ELT	Spectroscopy	
will	supply	evidence	of	r-process	in	neutron	star	mergers	
only	if	an	atomic	database	of	highly	ionised	heavy-elements	
is	created	in	the	UV-NIR	range		

R=500	



The lack of experimental atomic parameters for 
highly ionised species  

is historically due to the difficulty in reaching 
million-degree temperatures 
under controlled conditions 

 
 
 
 
 
 
 



	
	

We	started	
Plasma@Lab4Space	

a	program	of		
laboratory-plasma	spectropolarimetry	

to	build	an	
experimental	atomic	database	

for	spectral	lines		
of	highly-ionised	atoms	
from	Vacuum-UV	to	NIR	

Todays	things	have	changed	
million-degree	plasmas		

are	generated	in	laboratory		
	



Plasma	in	Space	

Oxygen	

Iron	



Plasma	Sources	

Oxygen	

Iron	



	ENEA+RFX	
X-Spectrographs	

70nm	 400nm	 5µ	2.5µ	1µ	0.7µ	

LAPSUS	
R=20,000	

HARPS-N	
R=115,000	

GIANO-B	
R=50,000	

FTS	
R=20,000	

CAOS	
R=60,000	

FRESCO	
R=20,000		

Spectrographs	

In	prac>se	
Systema>c	spectroscopic	measurements	of	plasma	emissivity	
will	be	carried	out	element-by-element	at	Ime,	
to	record	line	wavelengths	and	intensi>es	



Spectroscopy	

Stellar	Atmospheres	
	

Giuseppe	Bono	
Innocenza	Busà	

Giovanni	Catanzaro	
Antonio	Frasca	
Maheo	Munari	

Javier	Alonso-San>ago	

Solar	Physicists	
	

Vincenzo	Andreha	
Marco	Romoli	
Daniele	Spadaro	

Plasma	Microwave	Emission	
	

Paolo	Leto	
Corrado	Trigilio	
Grazia	Umana	

Atomic	Physics	
	

Giulio	Del	Zanna	(Cambridge)		
Enrico	Landi	(Michigan)	
Marina	Giarrusso	(UniFi)	
Joël	Rosato	(Marseille)	
Mar>n	S>k	(Wiën)	

Laboratory	Ac>vity	

ENEA-FrascaI-Fusion	Division	
(MoU)	

	
Gerarda	Apruzzese	(Spectroscopy)	

Sarah	Bollan>	(DPP)	
Francesca	Bombarda	(X-ray)	
Paolo	Bural	(Proto-Sphera)		

Alessandro	Cardinali	(RF	emission)	
Luca	Mezi	(DPP)	

Francesco	Flora	(DPP)	
Paolo	Micozzi	(Proto-Sphera)		

TNG	People	
	

Massimo	Cecconi	
Rosario	Cosen>no	
Adriano	Ghedina	
Avet	Harutyunyan 		

		

RFX-ConsorIum	
	

Lorella	Carraro	

Laser	Plasma		
	

Giuseppe	Baraha	

Plasma	Numerical	
Modeling	

	
Vincenzo	Antonuccio	

INAF/Associato	
New	FTE	
External	

Master	Thesis	
Salvatore	Cabibbo	(Charge	Exchange)	

	
Ph.D.	Thesis	

Claudio	Ferrara	(Plasma	Spectroscopy)	
Lorenzo	Giustolisi	(Stark-Zeeman	line	profiles)	



2022	

2021	





Preparatory	work	and	results	

•  New	InstrumentaIon	
•  Experimental	ac>vi>es	
•  Theore>cal	tools		



New	opIcal	interfaces	for	
our	Spectrographs	

	
LASER-Produced	Plasmas	
(2019	tesi	di	laurea	magistrale	di	Claudio	Ferrara)	

R=λ/Δλ=20	000	



New	Instrumenta>on	

LAPSUS,	an	UV	(70-400	nm,	R=20	000)	
in-vacuum	échelle	spectrograph,	

funded	by	ASI-INAF	n.	2018-16-HH.0	
	(PI	M.	Giarrusso)	in	2020	



Preparatory	work	and	results	

•  New	Instrumenta>on	
•  Experimental	acIviIes	
•  Theore>cal	tools		



Systema>cs	HCL-spectroscopy	of	Rare-Earths	
with	CAOS	(R	=	60	000,	370-1000	nm)			

Oscill
ator	s

treng
ths	fo

r	new
	8738

	spec
tral	li

nes		



Preparatory	work	and	results	

•  Hardware	
•  Experimental	ac>vi>es	
•  TheoreIcal	tools		



WHY	SPECTROPOLARIMETRY	?	
① Magne>sed-Plasma	spectral	emission	is	not	isotropic	



WHY	SPECTROPOLARIMETRY	?	
① Magne>sed-Plasma	spectral	emission	is	not	isotropic	



Stokes	profiles	



Stokes	V	profiles	of	HCL	Th-Ne	lines	
(R=20000)	

											without	B	
											with	|B|≈	100	G		

New	Polarimetric	units	
	with	scanning	capability	

for	a	3D	mapping	of	magne>sed	plasmas	



WHY	SPECTROPOLARIMETRY	?	
① Magne>sed-Plasma	spectral	emission	is	not	isotropic	
②  Equivalent	width	depends	on	magne>c	field	strenght	and	orienta>on	

No	Field		
	
	

Wrong	Abundance	



							
	

CHIANTI						
	

non-LTE	popula>ons	
Unpolarised	light	

	

SOHO	(Dec.	1995)	



A	new	version	in	polarised	light	



CHIANTI	has	been	applied	to	the	
FrascaI	Tokamak	Unit	Plasma	Spectra	



Hydrogen	lines	in	highly	magneIsed	plasmas	

At	the	Marseille	University,	a	PhD	student	
(Lorenzo	Giustolisi)	is	working	on	
Zeeman-Stark	profiles	of	Hydrogen	lines	
in	polarised	light	to	be	included	in	
full-stokes	NLTE-ZCHIANTI	

no	selec>on	rules,	
													unpredictable	profiles	

Hydrogen	full-stokes	profiles	
for	White-Dwarf	diagnos>cs	





NLTE	RadiaIve	Transfer	In	MagneIc	Plasmas	(NERTIMP)	

B	
No	B										

2017	

NLTE	spectral	synthesis	in	magneIsed	plasma	
	

Innocenza	Busà	OACT	 	0.6	FTE	+	0.3	P	

Giovanni	Catanzaro	OACT	 											0.6	FTE	

Francesco	Leone	UNICT 											0.0	FTE	
	
FTE	nel	triennio	2022-2024	

HR	7428	atmosphere	with	and	without	magneIc	field	pressure.	
Errors	in	electron	density	and	gas	pressure	are	up	to	orders	of	magnitude		



NLTE	RadiaIve	Transfer	In	MagneIc	Plasmas	(NERTIMP)	

B	
No	B										

2017	

NLTE	spectral	synthesis	in	magneIsed	plasma	
	

Innocenza	Busà	OACT	 	0.6	FTE	+	0.3	P	

Giovanni	Catanzaro	OACT	 											0.6	FTE	

Francesco	Leone	UNICT 											0.0	FTE	
	
FTE	nel	triennio	2022-2024	

HR	7428	atmosphere	with	and	without	magneIc	field	pressure.	
Errors	in	electron	density	and	gas	pressure	are	up	to	orders	of	magnitude		



Funding,	Strengths	and	Cri>cal	points	
•  Plasma	Laboratories	are	supported	from	respec>ve	ins>tu>ons	
•  Funds	are	necessary	to	couple	instruments,	recrui>ng	and	transfers	



Large	Grant	(PI	F.	Leone)	
LAPSUS	(+	VIS	Spectroscopy)								Discharge	Plasma	Producer	

An	atomic	
database	for	
FUV	
transiIons			

Modeling	of	SPICE	data	and	tuning	SOLAR-C	EUVST	

Solar	Physicists:	
Vincenzo	Andreha	
Giulio	Del	zanna	
Enrico	Landi	
Marco	Romoli	
Daniele	Spadaro	

Request:	200	k€	for	optomechanical	interface	+	1	UV	expert		



Mini	Grant:	Near-infrared	spectroscopy	of	REEs	with	GIANO-B			(PI	G.	Catanzaro)	
		

20	k€	to	extend	the	HRes-spectroscopy	from	VIS-CAOS@SLN	to	the	NIR-GIANO@TNG	



Mini	Grant:	Near-infrared	spectroscopy	of	REEs	with	GIANO-B			(PI	G.	Catanzaro)	
		

20	k€	to	extend	the	HRes-spectroscopy	from	VIS-CAOS@SLN	to	the	NIR-GIANO@TNG	



PnRR	-	Strengthening	the	Italian	Leadership	in	ELT	and	SKA		

Oxygen	

Iron	 Electron	Beam	Ion	Trap	



Electron	Beam	Ion	Trap	

High	Resolu>on	(R	>	100,000)	
Fourier	Spectrograph	in	the	
0.2-2.5	µm	range	

PnRR	-	Strengthening	the	Italian	Leadership	in	ELT	and	SKA		



	
	

Plasma@Lab4Space	
can	be	more	than		

a	program	of		
laboratory-plasma	spectropolarimetry	

to	build	an	
experimental	atomic	database	

for	spectral	lines		
of	highly-ionised	atoms	
from	Vacuum-UV	to	NIR	

	
	







Plasmas	are	not	
only	for	

spectroscopy	or	
atomic	physics		



We selected TRISTAN-MP 
TRIdimensional STANford - Massive Parallel code  

TRISTAN-MP	 is	 a	 fully	 rela>vis>c	Par>cle-In-Cell	 (PIC)	 code	 for	plasma	physics	 computa>ons	
and	 self-consistently	 solves	 the	 full	 set	 of	 Maxwell’s	 equa>ons,	 along	 with	 the	 rela>vis>c	
equa>ons	of	mo>on	for	the	charged	par>cles.	Fields	are	discre>zed	on	a	finite	3D	or	2D	mesh,	
the	 computa>onal	 grid;	 the	 code	 then	 uses	 >me-centered	 and	 space-centered	 finite	
difference	schemes	to	advance	the	equa>ons	 in	>me	via	 the	Lorentz	 force	equa>on,	and	to	
calculate	spa>al	deriva>ves,	so	that	the	algorithm	is	second	order	accurate	in	space	and	>me.	
The	charges	and	currents	derived	from	the	par>cles'	veloci>es	and	posi>ons	are	then	used	as	
source	terms	to	re-calculate	the	electromagne>c	fields.		



And	even	more	if	you	par>cipate	



Conclusions	

•  No	substan>al	budget,	only	a	guaranteed	and	
con>nuous	support	

•  Do	not	waste	efforts	in	training	

•  Present	Team	cannot	exploit	all	possibili>es,	
there	is	much	more	than	planed.																																	
We	are	open	to	new	ideas/sugges>ons	



	
	

Plasma@Lab4Space	
a	program	of		

laboratory-plasma	spectropolarimetry	
to	build	an	

experimental	atomic	database	
for	spectral	lines		

of	highly-ionised	atoms	
from	Vacuum-UV	to	NIR	



PLASMA	FACILITIES	



Hollow	Cathod	Lamps	

Available	
Plasma	Facili>es	



Available	
Plasma	Facili>es	

ENEA-Frasca>	Ins>tute	
•  Discharge	Plasma	Producer	
•  Proto-Sphera	



Available	
Plasma	Facili>es	

ENEA-Frasca>	Ins>tute	
•  Discharge	Plasma	Producer	
•  Proto-Sphera	

MoU	INAF-ENEA	
June	20,	2020	



Soon	
Plasma	Facili>es	

Reverse	Field	eXperiment	from	2024		



Future	
Plasma	Facili>es	 Laser	Plasma	Producer	

Electron	Beam	Ion	Trap	



Future	
Plasma	Facili>es	 Divertor	Tokamak	Test	Facility	


